Reversible protein phosphorylation mediated by protein kinases and phosphatases plays an important role in the regulation of leaf senescence. We previously reported that the leucine-rich repeat receptor-like kinase SENESCENCE-ASSOCIATED RECEPTOR-LIKE KINASE (AtSARK) positively regulates leaf senescence in Arabidopsis (Arabidopsis thaliana). Here, we report the involvement of a protein serine/threonine phosphatase 2C-type protein phosphatase, SENESCENCE-SUPPRESSED PROTEIN PHOSPHATASE (SSPP), in the negative regulation of Arabidopsis leaf senescence. SSPP transcript levels decreased greatly during both natural senescence and SARK-induced precocious senescence. Overexpression of SSPP significantly delayed leaf senescence in Arabidopsis. Protein pull-down and bimolecular fluorescence complementation assays demonstrated that the cytosol-localized SSPP could interact with the cytoplasmic domain of the plasma membrane-localized AtSARK. In vitro assays showed that SSPP has protein phosphatase function and can dephosphorylate the cytosolic domain of AtSARK. Consistent with these observations, overexpression of SSPP effectively rescued AtSARK-induced precocious leaf senescence and changes in hormonal responses. All our results suggested that SSPP functions in sustaining proper leaf longevity and preventing early senescence by suppressing or perturbing SARK-mediated senescence signal transduction.
As the final stage of leaf development, senescence occurs in an age-dependent manner and in response to the interplay of multiple internal and external signals (Gan and Amasino, 1995; Miller et al., 1999; Guo and Gan, 2005; Zhang and Zhou, 2013) . Leaf senescence also plays important roles in plant fitness by recycling nutrients to vigorously growing organs (Lohman et al., 1994) . Modifications of this process directly affect the agricultural traits of crop plants (Zhang et al., 1987; Rivero et al., 2007) . Substantial progress has been made in addressing the underlying molecular mechanisms of senescence (Lim et al., 2007; Thomas, 2013) , but the distinct pathways that transduce different signals to control the initiation and progression of leaf senescence remain unclear.
Reversible protein phosphorylation, catalyzed by protein kinases and phosphatases, plays a critical role in cellular signaling. The involvement of specific protein kinases in the regulation of leaf senescence has also been suggested. For example, the membrane-bound receptor protein kinase RPK1 affects Arabidopsis (Arabidopsis thaliana) leaf senescence induced by abscisic acid (ABA); loss-of-function mutants of RPK1 exhibit delayed symptoms in both age-dependent and ABA-induced senescence . ARABIDOPSIS HISTIDINE KINASE3 functions as the major cytokinin receptor kinase that mediates the antisenescence effect of cytokinins through the specific phosphorylation of ARABIDOPSIS RESPONSE REGULATOR2 (Kim et al., 2006) . ENHANCED DISEASE RESISTANCE1, a CONSTITUTIVE TRIPLE RESPONSE1-like kinase, functions as a negative regulator of ethyleneinduced senescence in an ETHYLENE INSENSITIVE2 (EIN2)-dependent manner (Frye et al., 2001; Tang et al., 2005) . In addition, a member of the ACTIVITY OF BC1 COMPLEX (ABC1) protein kinase family, OsABC1-2, confers enhanced tolerance to dark-induced senescence in rice (Oryza sativa; Gao et al., 2012) . A mitogen-activated protein kinase cascade involving MAP KINASE KINASE9 and its downstream target MITOGEN-ACTIVATED PROTEIN KINASE6 (MPK6) plays a positive role in regulating leaf senescence (Zhou et al., 2009 ). Also, SUCROSE-NONFERMENTATION1-RELATED PROTEIN KINASE1 (SnRK1), an energy sensor kinase, plays a negative role in the regulation of leaf senescence (Cho et al., 2012) .
Dephosphorylation by protein phosphatases functions as a balancing switch to reverse the effects of phosphorylation by protein kinases. Removal of phosphates often renders protein kinases inactive, effectively halting their cellular functions. Some examples include KINASE-ASSOCIATED PROTEIN PHOSPHATASE, which functions as a negative regulator of the CLAVATA1 signal transduction pathway, and group A PROTEIN SERINE/ THREONINE PHOSPHATASE 2C (PP2C), which efficiently inactivates SnRK2s (subclass III SnRK2) in ABA signaling (Stone et al., 1998; Schweighofer et al., 2004; Umezawa et al., 2009) . In recent years, evidence has emerged that protein phosphatases also have pivotal functions in the regulation of leaf senescence. For example, the PP2C family protein phosphatase SENESCENCE-ASSOCIATED GENE113 (SAG113), which serves as a negative regulator of ABA signal transduction, is involved in the control of water loss during leaf senescence in Arabidopsis (Zhang et al., 2012) . Silencing of the protein phosphatase MITOGEN-ACTIVATED PROTEIN KINASE PHOSPHATASE2, which positively regulates oxidative stress tolerance and inactivates the MPK3 and MPK6 mitogen-activated protein kinases in Arabidopsis, promotes early senescence (Lee and Ellis, 2007; Li et al., 2012) . However, few key protein phosphatases that interact with a known senescence-associated protein kinase and function in the regulation of leaf senescence have been characterized.
We previously reported that a soybean (Glycine max) dual-specificity kinase, GmSARK, and its Arabidopsis homolog, AtSARK, regulate leaf senescence through the synergistic actions of auxin and ethylene (Xu et al., 2011) . In this study, we cloned and identified a PP2C-type protein phosphatase, SENESCENCE-SUPPRESSED PROTEIN PHOSPHATASE (SSPP), which negatively regulates leaf senescence in Arabidopsis. The transcript level of SSPP was greatly reduced during both natural senescence and SARK-induced precocious senescence in Arabidopsis. Overexpression of SSPP significantly delayed leaf senescence in transgenic Arabidopsis. Protein pull-down and bimolecular fluorescence complementation (BiFC) assays demonstrated that the cytosol-localized SSPP could interact with the plasma membrane-localized AtSARK both in vitro and in vivo. SSPP also dephosphorylated the cytoplasmic domain of AtSARK in vitro. Overexpression of SSPP effectively restored SARK-induced precocious leaf senescence. All results suggested that SSPP negatively regulates leaf senescence through suppressing or perturbing SARK-mediated senescence signal transduction by directly dephosphorylating AtSARK.
RESULTS

The Expression of SSPP Is Suppressed during Leaf Senescence
We previously performed a microarray analysis to detect changes in the transcriptome of the SARKinduced early-senescent Arabidopsis seedlings and identified one gene (GenBank accession no. At5g02760) with substantially decreased transcript levels (F. Xu and N.N. Wang, unpublished data) . Here, based on our subsequent observations, we call this gene SSPP. To confirm the involvement of SSPP in leaf senescence, we used quantitative reverse transcription (RT)-PCR to measure its transcript levels in both natural leaf senescence and SARK-induced early senescence processes. The SSPP transcript level was high in young leaves and decreased gradually as the leaves developed from nonsenescent to late senescence stages (Fig. 1A) . For SARK-induced senescence, we used the dexamethasone (DEX)-inducible construct GVG:AtSARK; as shown in our previous report (Xu et al., 2011) , DEX treatment resulted in a continuous increase in the transcript level of AtSARK and an early senescence phenotype in the vertically grown 4-d-old GVG:AtSARK transgenic seedlings (Fig. 1B) . In these seedlings, a rapid decrease in the SSPP transcript levels was found after 1 h of DEX treatment. Upon 2 h of DEX treatment, the SSPP mRNA level dropped to 10% of its untreated level. No accumulation of AtSARK transcript was detected in the mock-treated GVG:AtSARK seedlings, in which the transcription level of SSPP was also not affected (Fig. 1B) .
SSPP Encodes a PP2C-Type Protein Phosphatase
The complete sequence of SSPP consists of 1,543 bp of complementary DNA (cDNA) and encodes a protein of 370 amino acids. The predicted SSPP protein shows high sequence similarity to a Thellungiella halophila putative PP2C family protein (GenBank accession no. BAJ33929), with 91% amino acid sequence identity. RefSeq Protein database searches (http://blast. ncbi.nlm.nih.gov) revealed that SSPP exhibits 66% amino acid identity with Vitis vinifera PP2C38-like and Cicer arietinum PP2C38-like. In Arabidopsis, SSPP is most similar to the predicted PP2C family protein At3g12620, with 58% identity on the amino acid level ( Fig. 2A) . SSPP contains the amino acids that form the catalytic sites in the channel of the b-sandwich of PP2C homologs (Das et al., 1996; Fig. 2A) . Consistent with a previous report (Schweighofer et al., 2004) , a phylogenetic tree also shows that SSPP has high similarity to the PP2C group D subfamily proteins (Fig. 2B) .
To determine if SSPP can function as a protein phosphatase, the recombinant SSPP protein with a GLUTATHIONE S-TRANSFERASE (GST) tag was expressed in Escherichia coli and purified by affinity chromatography using a Glutathione-Sepharose 4B column. After treating GST-SSPP with the site-specific PreScission protease to remove the GST tag, we tested the purified SSPP in a phosphatase assay using p-nitrophenyl phosphate (pNPP) as a substrate (An and Carmichael, 1994) . SSPP exhibited obvious phosphatase activity, successfully cleaving the phosphate from pNPP and generating a yellow nitrophenol product that was quantitated by A 405 . As shown in Figure 2 , SSPP functions at an optimum pH between 6.5 and 8.5 (Fig. 2C ) and an optimum temperature between 42°C and 57°C (Fig. 2D ). In addition, SSPP exhibited an absolute requirement for Mg 2+ , indicating that SSPP is an Mg 2+ -dependent phosphatase enzyme (Fig. 2E) .
Overexpression of SSPP Significantly Delays Leaf Senescence
To further examine the biological functions of SSPP, we tested the effects of SSPP overexpression. Multiple independent lines of 35S:SSPP transgenic Arabidopsis were generated by the Agrobacterium tumefaciensmediated floral dip method (Clough and Bent, 1998) . Except for line 35, in which the expression of SSPP was silenced, the other six lines exhibited a significant delay in senescence (Fig. 3A) , and we selected line 38 as a typical line for further study. To gain a better view of the function of SSPP in leaf senescence, the rosette leaves of 33-d-old 35S:SSPP plants and the developing fifth leaves of 35S:SSPP plants were compared with their corresponding wild-type controls. As shown in Figure 3B , the 35S:SSPP transgenic plants showed an obvious delay in natural leaf senescence. We also tested dark-induced senescence using either attached or detached fifth and sixth leaves at the mature stage (from plants at Boyes growth stage 5.10; Supplemental Fig. S1 ). It was found that both the attached 35S:SSPP leaves individually covered by aluminum foil for 9 d (Fig. 3C, a) and the detached 35S:SSPP leaves incubated in darkness for 4 d (Fig. 3C, b) exhibited much delayed senescence when compared with their corresponding wild-type controls (Fig. 3C) .
Based on the Boyes growth stage ontology (Boyes et al., 2001) , the sixth leaves of the wild-type and 35S: SSPP transgenic plants at four different developmental stages, stage 3.50, stage 5.10, stage 6.00, and stage 6.10 (Supplemental Fig. S1 ), were sampled to assay the transcript levels of known senescence-associated genes. The tested genes included the age-related senescence marker gene SAG12 (Gan and Amasino, 1995) , the PP2C family protein phosphatase gene SAG113 (Zhang et al., 2012) , and four critical senescence-related transcription factors, NAC1 (Kim et al., 2009) , NAC2 (Kim et al., 2009) , WRKY6 (Robatzek and Somssich, 2002) , and AtNAP (Guo and Gan, 2006) . Quantitative RT-PCR analysis revealed a remarkable increase in the transcript levels of these genes when the wild-type plants developed from stage 5.10 to stage 6.00 and stage 6.10; however, the increase in the expression of these senescence-associated genes was significantly inhibited in the 35S:SSPP plants (Fig. 3D) . Besides significantly delayed leaf senescence, overexpression of SSPP in Arabidopsis also resulted in shorter roots, smaller rosette leaves with a curved surface, and shorter plant height (Supplemental Fig. S2 , A-F). The 35S:SSPP plants also exhibited a delay of 5 d in bolting time.
To further reveal the function of SSPP in senescence, we next examined the SSPP loss-of-function phenotype. We obtained a Salk transfer DNA (T-DNA) insertion line, SALK_099356C, which has a T-DNA insertion in the last (fourth) exon, and named it sspp-1. However, except for the weak advance in dark-induced senescence, no significant difference in growth and development between the sspp-1 mutant and wild-type plants was observed (Supplemental Fig. S3 ), indicating that redundant genes may regulate leaf senescence in Arabidopsis.
Overexpression of SSPP Sustains Chloroplast Structure and Function
To investigate the cellular events caused by the overexpression of SSPP, mesophyll cells from the sixth leaves of 35S:SSPP transgenic plants at stages 3.50 and 6.00 were examined by electron microscopy. As shown in Figure 4A , the color of the osmium-fixed chloroplasts of 35S:SSPP transgenic plants was darker than that of the wild-type plants, suggesting that the 35S:SSPP chloroplasts were more active at both stages. In the younger sixth leaves from plants at stage 3.50, both the SSPPoverexpressing and wild-type chloroplasts exhibited similar inner membrane systems (Fig. 4A) . However, when the plants developed from stage 3.50 to stage 6.00, the sixth leaves of the wild-type plant displayed early senescence symptoms accompanied by many huge starch grains accumulated in their chloroplasts; oppositely, the SSPP-overexpressing chloroplasts exhibited a Figure 2 . Amino acid sequence analysis of SSPP and biochemical characterization of SSPP phosphatase activity. A, Alignment of the predicted amino acid sequence of SSPP with its homologs from different plant species. Comparison of the protein sequences of SSPP and its homologs from Arabidopsis (At3g12620), Vitis vinifera (VvPP2C38-like; XP_002276631.1), Ricinus communis (RcPP2C; XP_002525208.1), and Cicer arietinum (CaPP2C38-like; XP_004493923.1) was performed by ClustalX and displayed by DNAMAN software. Black arrowheads indicate the conserved active sites that feature PP2C homologs. B, Phylogenetic tree of PP2Cs related to SSPP. A neighbor-joining tree was built on the full-length protein sequences of PP2C subfamily D members. The scale bar is an indicator of genetic distance based on branch length. C and D, pH (C) and temperature (D) optima for SSPP activity with pNPP as the substrate. E, The phosphatase activity of SSPP was determined in the presence or absence of Mg 2+ . Reaction conditions are described in "Materials and Methods." Three independent replicates were done to give the average results shown here. Error bars represent SD. U, Units. much better organized inner membrane system (Fig. 4A) . The chlorophyll contents in the sixth leaves at all four tested developmental stages, 3.50, 5.10, 6.00, and 6.10, were significantly increased in the 35S:SSPP transgenic plants (Fig. 4B ).
Quantitative RT-PCR was used to measure the expression of genes encoding key enzymes involved in chlorophyll metabolism and chloroplast functions in the 35S:SSPP transgenic plants at the above-mentioned four developmental stages. It was found that when developing from stage 3.50 to stage 6.10, the transcript levels of GTR1, which encodes the chlorophyll biosynthesis enzyme glutamyl tRNA reductase (McCormac et al., 2001) , and two photosynthetic genes, RUBISCO LARGE SUBUNIT (RbcL) and RUBISCO SMALL SUBUNIT (RbcS) (Krebbers et al., 1988; Isono et al., 1997) , were gradually decreased in the sixth leaves of wild-type plants; however, the decrease in the transcription of these genes was significantly retarded in the corresponding 35S:SSPP transgenic leaves (Fig. 4C) . On the contrary, the age-induced increase in the transcript levels of ACCELERATED CELL DEATH1 (ACD1), which encodes the chlorophyll breakdown enzyme pheide a-oxygenase (Pruzinská et al., 2003) , and a plastid sigma factor, SIG5, which is induced under adverse conditions to protect plants from stresses by enhancing the repair of the PSII reaction center (Nagashima et al., 2004) , was greatly suppressed in the SSPP-overexpressing plants (Fig. 4C ). These results, consistent with the ultrastructural morphology analysis of the transgenic chloroplasts ( Fig. 4A ), suggested that overexpression of SSPP sustains the structure and function of chloroplasts.
Effects of SSPP Overexpression on Cytokinin, Auxin, and Ethylene Responses
Cytokinin is well known as a senescence-delaying hormone. Increases in cytokinin levels lead to delayed senescence in many plant species, including rice (Kudo et al., 2012) , maize (Zea mays; Pineda Rodo et al., 2008) , and iris (Iris 3 hollandica 'Blue Magic'; van Doorn et al., 2013) . To examine the effect of SSPP overexpression on cytokinin pathways, quantitative RT-PCR was used to measure transcript levels of several cytokinin-responsive marker genes, including ISOPENTENYL TRANSFERASE3 (IPT3), which encodes the key enzyme of cytokinin biosynthesis, the type A ARABIDOPSIS RESPONSE REGULATORs (ARRs) ARR5 and ARR6, which have been commonly used as cytokinin-inducible markers (Cui et al., 2010) , GRXS13, a cytokinin up-regulated gene encoding for two CC-type GLUTAREDOXIN (GRX) isoforms (Nemhauser et al., 2006; Laporte et al., 2012) , and At2g18300, which encodes a basic helix-loophelix cytokinin-responsive transcription factor (Brenner et al., 2005) . Quantitative RT-PCR analysis revealed that the expression of these five genes in leaves at the mature stage was significantly higher in the SSPP overexpression plants (Fig. 5A ). These results indicated that SSPP overexpression enhanced cytokinin responses in the transgenic Arabidopsis plants.
DIRECT REPEAT5 (DR5) is a synthetic promoter consisting of seven tandem repeats of an auxinresponsive TGTCTC element and a minimal 35S cauliflower mosaic virus promoter (Ulmasov et al., 1997) . The DR5 promoter fused to a reporter gene has been widely used as a good tool to monitor auxin response in planta (Sabatini et al., 1999; Wang et al., 2005) . To examine auxin pathways, we used DR5:GFP to detect auxin accumulation and distribution in the SSPPoverexpressing seedlings. In the wild-type background, the fluorescence of DR5:GFP was mainly detected in the quiescent center and columella cells of roots (Fig. 5B ). In the SSPP-overexpressing background, besides in the quiescent center cells, DR5:GFP signals also occurred in the epidermis of the root apical meristem (Fig. 5B) . We observed no significant difference in the intensity of the DR5:GFP signal between the DR5:GFP/35S:SSPP and DR5:GFP/wild-type roots (Fig. 5B) .
Ethylene plays a critical role in the regulation of leaf senescence. To examine ethylene pathways in SSPPoverexpressing plants, the expression levels of another reporter construct, 53EBS:GUS, were examined. 53EBS is also a synthetic promoter that consists of five tandem repeats of the EIN3-binding site (EBS) followed by the minimal 35S promoter (Stepanova et al., 2007) . EIN3 is a transcription factor that acts as a positive regulator of the ethylene signal transduction pathway (Chao et al., 1997; Solano et al., 1998) ; thus, 53EBS:GUS has been used previously to monitor the primary ethylene response in planta (Vandenbussche et al., 2010) . The 53EBS:GUS/ 35S:SSPP plants were obtained by crossing 53EBS:GUS with 35S:SSPP transgenic plants. Histochemical GUS staining revealed a dramatic decrease in the activity of 53EBS:GUS in SSPP-overexpressing plants (Fig. 5C ). We also used gas chromatography to measure ethylene levels and found that 3-d-old etiolated seedlings of 35S: SSPP plants showed a slight but significant reduction of ethylene emission compared with the wild-type control (Supplemental Fig. S4A, a) . Moreover, when treated with 1 mM 1-aminocyclopropane-1-carboxylic acid, the ratio of exaggerated apical hook formation in the 35S: SSPP etiolated seedlings was dramatically decreased (Supplemental Fig. S4A, b Fig. S4B ). These results indicated that the overexpression of SSPP not only suppressed the biosynthesis of ethylene but also reduced the responses to ethylene in Arabidopsis.
Subcellular Localization of AtSARK and SSPP
To determine the subcellular localization of the AtSARK and SSPP proteins, enhanced yellow fluorescent protein (EYFP) fused C terminally to AtSARK and SSPP were transiently expressed in Arabidopsis mesophyll protoplasts under the control of the cauliflower mosaic virus 35S promoter. In the EYFP control, yellow fluorescence was observed in the cytoplasm. The yellow fluorescence of AtSARK-EYFP was detected as a fine ring at the cell periphery, external to the chloroplasts, indicating that AtSARK localizes to the plasma membrane (Fig. 6) . SSPP-EYFP expression was detected in the cytoplasm (Fig. 6) , indicating that SSPP localizes in the cytoplasm. 
SSPP Partially Dephosphorylates the Autophosphorylated Cytoplasmic Domain of AtSARK
To determine whether AtSARK and SSPP can serve as substrates for each other, we performed in vitro phosphorylation and dephosphorylation assays. SSPP and the cytoplasmic domain of AtSARK (AtSARK-CD) were fused with GST and expressed in E. coli. The GST fusion proteins were purified by affinity chromatography using a Glutathione-Sepharose 4B column, and the GST tag was removed from SSPP using the site-specific PreScission protease. Purified GST-AtSARK-CD was autophosphorylated for 10 min before incubating with SSPP or GST for further analysis. The in vitro protein phosphorylations were detected by immunoblot using anti-phospho-Thr antibody. As shown in Figure 7 , when the autophosphorylated GST-AtSARK-CD (lane 1) or the autophosphorylated GST-AtSARK-CD together with purified GST (lane 5) were incubated in the ATPcontaining protein phosphorylation reaction mixture, only the GST-AtSARK-CD band was revealed by immunoblot analysis, confirming that the active AtSARK-CD protein exhibited autophosphorylation and the GST tag had no effect on the ability of AtSARK-CD to autophosphorylate. Purified SSPP (lane 2), GST (lane 4), or both combined together (lane 6) displayed no signal of protein phosphorylation, indicating that neither SSPP nor GST protein has autophosphorylation activity. When the autophosphorylated GST-AtSARK-CD was incubated with purified SSPP in the reaction mixture, no matter whether GST was added, no band corresponding to SSPP was detected by anti-phosphoThr antibody. However, the intensity of the autophosphorylated GST-AtSARK-CD bands decreased significantly (Fig. 7, lanes 3 and 7) . These results indicated that AtSARK does not phosphorylate SSPP but that SSPP can dephosphorylate the autophosphorylated AtSARK-CD. Also, the SSPP-mediated dephosphorylation of AtSARK-CD was independent of the GST tag.
SSPP Interacts with AtSARK in Vitro and in Vivo
SSPP dephosphorylates the cytoplasmic domain of AtSARK (AtSARK-CD); therefore, we tested whether SSPP and AtSARK interact physically. We first tested for this interaction using an in vitro pull-down assay. We expressed AtSARK-CD fused to His and SSPP fused to GST in E. coli and purified the fusion proteins. GST-SSPP or GST was bound to a Glutathione-Sepharose column and incubated with His-AtSARK-CD, and then the eluted proteins were separated by SDS-PAGE and subjected to immunoblot analysis with His antibody (Fig. 8A ). Immunoblotting detected a single band corresponding to His-AtSARK-CD in the proteins eluted from the GST-SSPP column (Fig. 8A , lane 5) but detected no signal in the proteins eluted from the GST column (Fig. 8A, lane 4) , indicating that SSPP interacts physically with AtSARK-CD in vitro.
To confirm the interaction between AtSARK and SSPP in plant cells, we used a BiFC assay based on split yellow fluorescent protein (YFP; Bracha-Drori et al., 2004) . The different combinations of the N-and C-terminal ends of YFP fused to AtSARK or SSPP were transiently coexpressed, together with the plasma membrane marker pm-rk-CD3-1007 (Nelson et al., 2007) , in Nicotiana benthamiana leaves. As shown in Figure 8B , an obvious fluorescent signal was detected in the plasma membrane for the AtSARK-nYFP +SSPP-cYFP combination, but no significant signals were detected in controls lacking either AtSARK or SSPP. The fluorescent signal perfectly overlapped with the red fluorescence of the coexpressed plasma membrane marker pm-rk. The BiFC assay thus confirmed that SSPP interacts with AtSARK in the plasma membrane of cells.
Additionally, we found that the kinase domain of GmSARK (GmSARK-KD), a soybean homolog of AtSARK, interacts with SSPP in our yeast twohybrid system (Supplemental Fig. S5 ), suggesting that the interaction between SARK and SSPP may be conserved. 
Overexpression of SSPP Rescues SARK-Induced Premature Leaf Senescence in Arabidopsis
To investigate whether SSPP affects AtSARK function, we tested whether the overexpression of SSPP could alter the induction of senescence by AtSARK. To this end, we obtained 35S:SSPP/GVG:AtSARK plants by transferring SSPP into GVG:AtSARK transgenic plants. When grown on DEX-containing plates, 7-d-old transgenic seedlings of G28, a homozygous GVG:GUS control line (Xu et al., 2011) , displayed normal growth and development (Fig. 9A) . By contrast, the seedlings of AtS20, a typical GVG:AtSARK line, displayed an early senescence phenotype (Fig. 9A) . However, the 35S:SSPP/GVG:AtSARK seedlings showed no early senescence (Fig. 9A) . The DEX-induced AtSARK overexpression and 35S promoter-derived SSPP overexpression in the transgenic plants were confirmed by quantitative RT-PCR (Fig. 9B) . In addition to suppressing the visible senescence phenotype, overexpression of SSPP in the 35S:SSPP/GVG:AtSARK double transgenic seedlings also suppressed the AtSARKinduced increases in expression of several marker genes for senescence, such as SAG12, NAC1, WRKY6, and SAG113 (Fig. 9C) . All of these results suggested that SSPP functions as a negative regulator of AtSARK during leaf senescence.
AtSARK was suggested previously to regulate leaf senescence through auxin and ethylene (Xu et al., 2011) . Quantitative RT-PCR revealed that overexpression of SSPP also suppressed the AtSARK-induced increases in transcript levels of CKX3, a gene encoding cytokinin oxidase, which degrades cytokinin; TRYPTOPHAN SYNTHASE a CHAIN1 (TSA1), an auxin synthesisrelated gene; GH3.5, a member of the early auxinresponsive gene family GRETCHEN HAGEN3 (GH3); and two ethylene-responsive marker genes, GST2 and PR4. The AtSARK-induced decreases in the expression of At2g18300, a cytokinin-responsive marker gene, was also recovered in the 35S:SSPP/GVG:AtSARK double transgenic seedlings (Fig. 10) .
Comparison of the Spatial and Temporal Expression of AtSARK and SSPP during Leaf Development
To further reveal the molecular mechanism underlying the interactions between SSPP and AtSARK, the promoter-GUS reporter system was used to compare the spatial and temporal expression of SSPP and AtSARK during Arabidopsis leaf development. Twenty-eight-day-old SSPP:GUS and AtSARK:GUS transgenic Arabidopsis plants with the first and second leaves beginning to yellow were sampled for histochemical GUS staining. The SSPP promoter showed strong activity in juvenile leaves, and this activity gradually decreased with increasing leaf age (Fig. 11) . By contrast, the AtSARK promoter showed weak activity in juvenile leaves, but this activity gradually increased with increasing leaf age (Fig. 11) . The expression of SSPP and AtSARK partially overlapped from the second leaf to the eighth leaf in 28-d-old plants, corresponding to the mature leaf to early senescent leaf stages, implying that during these stages, SSPP might suppress the functions of AtSARK.
DISCUSSION
Protein kinase-and phosphatase-mediated reversible protein phosphorylation plays a critical role in cellular signaling. Many reports have revealed the involvement of protein kinases in the regulation of leaf senescence (Zhou et al., 2009; Xu et al., 2011; Cho et al., 2012) ; however, the reports on protein phosphatase are relatively few. In this study, we found that an SSPP functions in the regulation of leaf senescence. Overexpression of SSPP effectively attenuated agedependent natural leaf senescence and SARK-induced early leaf senescence in Arabidopsis (Fig. 1) . SSPP overexpression prevented a multitude of changes induced by leaf senescence, including the increased expression of senescence-associated marker genes, enhanced ethylene responses, and down-regulated cytokinin functions (Figs. 9C and 10) . All of these Figure 9 . Overexpression of SSPP rescues the SARK-induced precocious leaf senescence in Arabidopsis. A, Four-day-old GVG: GUS (G28), GVG:AtSARK (AtS20), 35S:SSPP, and 35S:SSPP/GVG:AtSARK transgenic plants were grown on vertical plates containing either 10 mM DEX or its mock solution for an additional 7 d. Results from one out of three biological replicates are shown. B, Determination of AtSARK and SSPP transcript levels by quantitative RT-PCR. Four-day-old GVG:GUS, GVG:AtSARK, and GVG:AtSARK/35S:SSPP were incubated with either 10 mM DEX or its mock solution for 24 h. The data are displayed as relative expression to the mock-treated control. Three biological replicates with at least three technical repeats were done. Error bars represent SD. C, Overexpression of SSPP effectively reduces the AtSARK-induced expression of senescence-related marker genes in Arabidopsis. Quantitative RT-PCR analysis was used to determine the expression levels of SAG12, NAC1, WRKY6, and SAG113 in 4-d-old GVG:GUS, GVG:AtSARK, 35S:SSPP, and 35S:SSPP/GVG:AtSARK transgenic seedlings treated with either 10 mM DEX or its mock solution for 24 h. TIP41-like was used as an internal control. In all cases, data are shown relative to the mocktreated control. Three biological replicates with at least three technical repeats were done.
results suggested that SSPP functions as a negative regulator of leaf senescence.
We reported previously that AtSARK functions as a key positive regulator of Arabidopsis leaf senescence (Xu et al., 2011) . AtSARK localizes to the plasma membrane and SSPP localizes to the cytoplasm (Fig. 6) ; thus, it was interesting to find that SSPP can interact directly with the cytoplasmic domain of AtSARK (AtSARK-CD), as shown by our in vitro pull-down assay (Fig. 8A) and BiFC (Fig. 8B) . Also, the autophosphorylated cytoplasmic domain of AtSARK could be dephosphorylated by SSPP (Fig. 7) , implying that SSPP might exert its negative regulatory function on leaf senescence by keeping the dephosphorylation status of AtSARK. Kinases often autocatalytically phosphorylate key amino acid residues to relieve autoinhibition or enhance catalytic efficiency (Zenke et al., 1999; Canova et al., 2008) . Our preliminary results suggested that SARK function requires the autophosphorylation of key residues (data not shown). Thus, it is not surprising to find that overexpression of SSPP effectively rescued the AtSARK-induced premature leaf senescence in Arabidopsis (Fig. 9A) . Overexpression of SSPP also effectively suppressed the AtSARK-mediated induction of the senescence marker genes SAG12, NAC1, WRKY6, and SAG113 (Fig. 9C ) and the AtSARKinduced changes in expression of the phytohormonerelated marker genes CKX3, At2g18300, TSA1, GH3.5, PR4, and GST2 (Fig. 10) . All of these observations support our model that SSPP functions by dephosphorylating AtSARK to attenuate SARK-mediated senescence signaling.
It is notable that SSPP could interact directly with the cytoplasmic domain of GmSARK, a soybean homolog of AtSARK, in a yeast two-hybrid system (Supplemental Fig. S5 ). This result suggested that the regulation of leaf senescence by SSPP and SARK might be a conserved mechanism (Supplemental Fig. S5 ). , and ethylene-related (C) genes were suppressed by the overexpression of SSPP in Arabidopsis. The transcript levels of the hormone-related genes were determined by quantitative RT-PCR. Four-day-old GVG: GUS (G28), GVG:AtSARK (AtS20), 35S:SSPP, and 35S:SSPP/GVG:AtSARK transgenic seedlings were treated with either 10 mM DEX or its mock solution for 24 h. TIP41-like was used as an internal control. In all cases, data are shown relative to the mock-treated control. Three biological replicates with at least three technical repeats were done.
Leaves are the major organs for photosynthesis. The leaf longevity directly affects the lifetime carbon fixation of plants and, accordingly, affects plant growth and development (Kikuzawa and Ackerly, 1999) . Different plant species have different leaf longevities (Kikuzawa, 1991) , and the normal growth and development of each plant species requires proper leaf longevity (Jonasson, 1989) . Comparison of the spatial and temporal expression patterns of SSPP and AtSARK revealed that SSPP was highly expressed in young leaves and mature leaves, where the promoter activity of AtSARK was quite low (Figs. 1A and 11) . Additionally, the accumulation of SSPP protein would, as mentioned above, inhibit the function of AtSARK by direct interaction. Taken together, these results indicated that SSPP repressed the function of AtSARK to sustain leaf function and prevent early leaf senescence. As the leaves developed from mature to early senescence stages, SSPP promoter activity gradually decreased (Figs. 1A and 11) . Because of the reduction of accumulation of SSPP, the inhibitory effects on AtSARK were relieved, thereby promoting leaf senescence.
Cytokinin is best known as a senescence-delaying hormone. Many plant species show a decline in levels of foliar cytokinin during leaf senescence (Singh et al., 1992) . Accordingly, sustaining the proper cytokinin level in plants can effectively prolong leaf longevity and delay senescence (Hwang et al., 2012) . Although exogenous application of cytokinin had no obvious effect on the activity of the SSPP promoter (data not shown), the transcription levels of genes involved in cytokinin biosynthesis and responses all increased in 35S:SSPP plants (Fig. 5A) . These results implied that, besides functioning as a negative regulator of AtSARK, SSPP also played a role in sustaining or enhancing cytokinin responses in plants.
Ethylene functions as an endogenous modulator of plant ageing and as a strong promoter of senescence (Jing et al., 2005; Kim et al., 2009; Li et al., 2013) . SARKinduced leaf senescence requires increases in ethylene biosynthesis and responses. Exogenous application of aminoethoxyvinylglycine, an inhibitor of ethylene biosynthesis, or mutation in EIN2, a critical component of ethylene signal transduction, could effectively suppress the SARK-induced early leaf senescence symptoms (Xu et al., 2011) . Overexpression of SSPP significantly reduced ethylene responses both in the developing rosettes and in the SARK-overexpressing senescent leaves ( Figs. 5C and 10C; Supplemental Fig. S4 ). Because of the low transcription level of AtSARK in young seedlings, the above results suggested that SSPP might exert its negative effects on the onset and progression of leaf senescence through two independent pathways: directly inhibiting the functions of AtSARK and negatively regulating the biosynthesis and functions of ethylene. The characterization and identification of more components involved in SSPPmediated ethylene repression will help elucidate the mechanisms controlling leaf longevity.
In conclusion, we postulate that SSPP functions in sustaining normal leaf development from young leaf to mature leaf stages, maintaining functions of the mature leaf, and specifying proper leaf longevity by preventing early senescence. The significant decrease in expression of SSPP during natural leaf senescence (Fig. 1A) suggested that leaf age or other developmental signals negatively regulate SSPP. Moreover, the observation that AtSARK also suppressed SSPP expression (Fig. 1A) implied that, once leaf senescence began, the increase in AtSARK expression or the senescence process itself exerted a negative feedback effect on the functions of SSPP, to further facilitate the progression of senescence. Further work on the mechanisms underlying the regulation of SSPP expression and isolation of the upstream regulators of SSPP will help to improve our understanding of the roles that SSPP plays in leaf senescence.
The sspp-1 mutants, which have a T-DNA knockout allele of SSPP, developed similar to the wild-type plants (Supplemental Fig. S3 ), suggesting the existence of other functionally redundant genes of SSPP. The identification of more interaction partners for AtSARK and SSPP will help to elucidate the molecular mechanisms underlying the SSPP-and SARK-mediated regulation of leaf development in higher plants.
Auxin triggers a plethora of developmental events (Löfke et al., 2013) . Many if not all of auxin's actions, such as embryonic axis formation, postembryonic organ formation, tropic growth responses, and vascular tissue development, rely on its differential distribution within plant tissues as manifested by local auxin maxima and minima, also referred to as auxin gradients (Benková et al., 2003; Friml et al., 2003; Scarpella et auxin in regulating senescence is not clear. Several studies support the idea that auxin negatively regulates leaf senescence (Shoji et al., 1951; Lim et al., 2010; Kim et al., 2011) , but other lines of evidence indicate that auxin positively regulates leaf senescence. We have previously reported that SARK-mediated leaf senescence requires an increase in the biosynthesis of and responses to auxin (Xu et al., 2011) . Most recently, a gene known to be strongly induced by auxin, SMALL AUXIN UPREGULATED RNA36, was shown to promote leaf senescence (Hou et al., 2013) . In summary, the role of auxin in leaf senescence appears to be very complex and may not be simply explained by variation in the auxin level during leaf senescence. Although exerting opposite effects on leaf senescence, both SSPP and AtSARK could alter the expression pattern of the auxin reporter DR5: GUS (Xu et al., 2011) . These results implied that the changes in auxin distribution, but not the variations in auxin level, play a major role in the regulation of leaf senescence. Further studies are needed to elucidate the mechanisms of auxin function in senescence.
MATERIALS AND METHODS
Amino Acid Sequence Alignment and Phylogenetic Analyses
The full-length PP2C protein sequences were retrieved from GenBank. Amino acid sequences were aligned using ClustalX2 (http://www.clustal.org/; Thompson et al., 1994) . The phylogenetic tree was generated in ClustalX2 by the neighbor-joining method using 1,000 replicates and displayed using MEGA5 (http://www.megasoftware.net/; Kumar et al., 1994) .
Plant Materials and Growth Conditions
Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 was used in this study. Seeds were surface sterilized in 10% (v/v) sodium hypochlorite for 2 min, washed 10 times with sterilized water, germinated, and grown on vertical plates (one-half-strength Murashige and Skoog [MS] The dark-induced senescence analysis was performed using both attached and detached fifth and sixth leaves at the mature stage (from plants at Boyes growth stage 5.10). The attached leaves under normal growth conditions were individually covered by aluminum foil for 9 d, and the detached leaves on wet filter paper were incubated in darkness for 4 d before the effects of dark treatments were recorded using a camera (Canon PowerShot G10) or scanner (Epson 1260).
Measurements of Ethylene Emission
Ethylene emission of the wild type and 35S:SSPP was determined in 3-d-old etiolated seedlings by gas chromatography (Agilent 6890N) as described by Li et al. (2009) .
Constructs, Plant Transformation, and Crossing
To construct the 35S:SSPP fusion gene, the full-length cDNA of SSPP was amplified from Arabidopsis cDNA by RT-PCR. The pair of primers used in the PCR was SSPP-35S-TA-1 and SSPP-35S-TA-2. The DNA fragment was inserted into the binary vector pBI121 to create the recombinant transcription unit 35S:SSPP.
To construct the SSPP:GUS fusion gene, a 1,516-bp DNA fragment covering the 59 flanking region of the SSPP gene was amplified from Arabidopsis genomic DNA by PCR. The pair of primers used in the PCR was cP-SSPP-T-1 and cP-SSPP-T-2. The DNA fragment was inserted into the binary vector pCAMBIA1301 to create the recombinant transcription unit SSPP:GUS. The transcript was terminated with a NOPALINE SYNTHASE terminator.
For constructing the GST-SSPP recombinant transcription unit, the SSPP coding region was amplified with SSPP cDNA as the template using SSPPEcoRI-F and SSPP-XhoI-R. The DNA fragment was inserted into the vector pGEX-6P-1 to create the recombinant transcription unit GST-SSPP.
For the construction of the His-AtSARK-CD and GST-AtSARK-CD recombinant transcription units, the DNA fragment covering the intracellular domain of AtSARK (residues 432-1,515; 1,137 bp) was amplified by PCR from the corresponding full-length cDNA using AtSARK-CD-EcoRI-F and AtSARK-CDSalI-R. The fragment was inserted into the vector pET28a or pGEX-6P-1 to create the fusion gene His-AtSARK-CD or GST-AtSARK-CD, respectively.
For the construction of the AtSARK-EYFP, SSPP-EYFP, AtSARK-nYFP, and SSPP-cYFP recombinant transcription units, the SSPP and AtSARK coding regions were amplified from the corresponding full-length cDNA using the following primer pairs: AtSARK-EcoRI-F and AtSARK-SalI-R for AtSARK-EYFP, AtSARK-XbaI-F and AtSARK-BamHI-R for AtSARK-nYFP, SSPP-EcoRI-F and SSPP-SalI-R for SSPP-EYFP, and SSPP-XbaI-F and SSPP-SalI-R for SSPP-cYFP. The corresponding fragment of AtSARK and SSPP was inserted into the vector pSAT6-EYFP-N1 to create the constructs AtSARK-EYFP and SSPP-EYFP. The fragment of AtSARK was inserted into the vector pSPYNE-35S to create the construct AtSARK-nYFP, and the fragment of SSPP was inserted into pSPYCE-35S to create the construct SSPP-cYFP.
For the construction of the BD-GmSARK-KD recombinant transcription unit, a DNA fragment covering the kinase domain of GmSARK (residues 660-940; 840 bp) was amplified by PCR from soybean (Glycine max) cDNA by RT-PCR. The pair of primers used in the PCR was GmKD-1 and GmMKD-2. The fragment was inserted into the vector pGBKT7 to create the fusion gene BDGmSARK-KD.
For the construction of the AD-SSPP recombinant transcription unit, the full-length cDNA of SSPP was amplified from Arabidopsis cDNA by RT-PCR. The pair of primers used in the PCR was SSPP-EcoRI-F and SSPP-XhoI-R. The fragment was inserted into the vector pGBKT7 to create the fusion gene AD-SSPP.
The recombinant plasmids were introduced into Agrobacterium tumefaciens strain GV3101 and transformed into wild-type Columbia-0 Arabidopsis plants using the floral dip method (Clough and Bent, 1998 Table  S1 . Homozygous T3 plants were used for all experiments. The 53EBS:GUS/35S:SSPP plants were obtained by crossing the 35S:SSPP transgenic line with 53EBS:GUS plants. The A. tumefaciens strain GV3101 carrying the DR5:GFP construct was used to transform the homozygous 35S:SSPP line to produce DR5:GFP/35S:SSPP plants. The A. tumefaciens strain GV3101 carrying the 35S:SSPP construct was used to transform the homozygous GVG: AtSARK line to produce 35S:SSPP/GVG:AtSARK plants. Homozygous plants were identified by segregation analysis, comparison with the parental phenotypes, and PCR-based genotyping in the F3 progeny.
RNA Isolation and RT-PCR Analysis of Gene Expression
RNA extraction, cDNA synthesis, and RT-PCR analysis were done as described previously (Liu et al., 2010) . Real-time RT-PCR analysis was performed using SYBR Green Perfect mix (TaKaRa) on an iQ5 (Bio-Rad), following the manufacturer's instructions. Three independent repeats were done to give the typical results shown here. All primers used in RT-PCR analysis are listed in Supplemental Table S1 .
Histochemical GUS Staining, Chlorophyll Content Determination, and Transmission Electron Microscopy
Histochemical GUS staining and transmission electron microscopy were done as described previously (Liu et al., 2010) . Chlorophyll content was spectrophotometrically measured as described (Arnon, 1949) . At least three independent samples were examined to give the typical results shown in this article.
Protoplast Transfection, BiFC Assay, and Fluorescence Microscopy Analyses
Protoplasts were prepared and transformed according to the protocols of Yoo et al. (2007) . The plasmids of SSPP-EYFP, AtSARK-EYFP, and the EYFP control were prepared with the Vigorous Plasmid Maxprep Kit (Vigorous Biotechnology). The transformed protoplasts were assayed for fluorescence 12 to 18 h after transfection.
For infiltration of Nicotiana benthamiana, the A. tumefaciens strain GV3101 was infiltrated into the abaxial air space of 2-to 4-week-old plants as described (Voinnet et al., 2003) . The p19 protein of Tomato bushy stunt virus was used to suppress gene silencing. Coinfiltration of A. tumefaciens strains containing the BiFC constructs and the p19 silencing plasmid was carried out at an optical density at 600 nm of 0.6:0.6:0.3. Epidermal cell layers of tobacco (Nicotiana tabacum) leaves were assayed for fluorescence 2 d after infiltration.
The fluorescence signal was collected with a laser scanning confocal microscope (Leica TCS-SP5). The image data were processed using Adobe Photoshop (www.adobe.com).
Protein Expression, Purification, and Pull-Down Assay
The GST-SSPP, GST-AtSARK-CD, and His-AtSARK-CD fusion proteins were expressed in Escherichia coli Rosetta 2 (DE3) plysS and purified by affinity chromatography using Glutathione-Sepharose 4B columns (GE Healthcare) and nickelnitrilotriacetic acid agarose columns (GE Healthcare) according to the manufacturer's recommendations. The GST tag of GST-SSPP was removed by PreScission protease (GE Healthcare) according to the manufacturer's recommendations.
The in vitro pull-down assay was performed as described previously . Briefly, the columns or beads bound with GST-SSPP and GST were washed with phosphate-buffered saline (0.14 M NaCl, 2.7 mM KCl, 10.1 mM Na 2 HPO 4 , and 1.8 mM KH 2 PO 4 ) for GST pull-down assays. Each reaction contained approximately 30 mg of His-tagged fusion protein. After being added to Glutathione-Sepharose 4B columns carrying a GST fusion protein, reaction mixtures were incubated for at least 1 h at 4°C under gentle rotation. After being washed five times with phosphate-buffered saline, proteins were eluted and boiled for 10 min. The proteins were separated by 12% (w/v) SDS-PAGE for Coomassie Brilliant Blue staining and immunodetection with antiHis antiserum at a 1:2,000 dilution.
Phosphatase Activity Assay
The optimal activity conditions of SSPP were determined as described previously (Wu et al., 2011) with some modifications. Briefly, to determine the optimal pH for SSPP activity, phosphatase activity assays were performed in 100 mM buffers, including sodium acetate buffer (pH 4.5 and 5.5), Tris/HCl buffer (pH 6.5-8.5), or Gly/NaOH buffer (pH 9.5 and 10.5), with 1 mg of purified SSPP protein and 7.5 mM pNPP (New England Biolabs), and the reactions were initiated by adding purified SSPP and incubated for 30 min at 47°C. To determine the optimal temperature for SSPP activity, phosphatase activity was assayed by incubating 1 mg of the protein and 7.5 mM pNPP in 100 mM Tris-HCl buffer (pH 7.5). The Mg 2+ -dependent phosphatase activity of SSPP was assayed by incubating 1 mg of SSPP and 7.5 mM pNPP in 100 mM Tris-HCl buffer (pH 7.5) containing 1 mM EDTA with or without 50 mM Mg 2+ and incubated for 30 min at 47°C.
In Vitro Kinase Assay
The in vitro protein phosphorylation experiments were performed essentially as reported previously (Shalitin et al., 2003) with minor modifications. A total of 0.2 mg of GST-AtSARK-CD protein was incubated in the phosphorylation buffer (25 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 10 mM MnCl 2 , 1 mM dithiothreitol, and 1 mg mL 21 ATP) at 28°C for 10 min to autophosphorylate before an equal amount of SSPP was added in the mixture and incubated together with GST-AtSARK-CD for a further 20 min. The phosphorylation reactions were stopped by adding 23 SDS-PAGE sample buffers and boiling for 10 min. The proteins were separated on 12% (w/v) SDS-PAGE gels. Gels were stained with Coomassie Blue. Immunoblot analysis was performed to check the in vitro phosphorylation states of the purified proteins by anti-phospho-Thr antibody (Cell Signaling Technology). Protein bands were visualized using the ECL Western Blotting Reagent Pack (GE Healthcare) following the manufacturer's instructions. The images were recorded by a chemiluminescence imaging system (Tanon 5500). The polyvinylidene difluoride membrane was stripped and reprobed with anti-GST antibody (Cell Signaling Technology) to ensure equivalent protein loading. Data shown are representative of at least three independent experiments.
Yeast Two-Hybrid Assays
Yeast two-hybrid analysis was performed using the MATCHMAKER GAL4 system (Clontech) as described in the Yeast Protocols Handbook (Clontech). The bait plasmids containing sequences for GmSARK-KD and prey plasmids containing SSPP were sequentially transformed into the yeast (Saccharomyces cerevisiae) strain AH109 (Clontech). Confirmation of the presence of both vectors was performed by growing the yeast on medium lacking Trp and Leu. Experimental protein-protein interaction was determined by growth on synthetic dextrose/-Leu-Trp-His with 1 mM 3-amino-L-trosme medium or synthetic dextrose/-Trp/5-bromo-4-chloro-3-indoly-a-D-galactopyranoside plates. For control experiments, yeast strains were generated with the pGADT7-T plasmid and either the pGBKT7-53 or pGBKT7-Lam vector for positive and negative controls, respectively. Yeast was transformed with the BD-GmSARK-KD plasmid for self-activation assay.
Sequence data from this article can be found in The Arabidopsis Information Resource or GenBank/EMBL database under the following accession numbers: SSPP (At5g02760), AtSARK (At4g30520), VvPP2C38-like (XM_002276595), RcPP2Cc (XM_002525162), CaPP2C38-like (XM_004493866), SAG12 (At5g45890), SAG113 (At5g59220), AtNAP (At1g69490), WRKY6 (At1g62300), NAC1 (At1g56010), NAC2 (At5g04410), GTR1 (At1g58290), ACD1 (At3g44880), RbcL (AtCg00490.1), RbcS (At1g67090), SIG5 (At5g24120), IPT3 (At3g63110), ARR5 (At3g48100), ARR6 (At5g62920), GRXS13 (At1g03850), At2g18300, CKX3 (At5g56970), TSA1 (At3g54640), GH3.5 (At4g27260), GST2 (At4g02520), PR4 (At3g04720), PDF1.2 (At5g44420), CHI-B (At3g12500), ERF11 (At1g28370), GmSARK (AY687391), and TIP41-like (At4g34270).
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Photograph of the wild-type and 35S:SSPP transgenic plants at four developmental stages (3.50, 5.10, 6.00, and 6.10).
Supplemental Figure S2 . Morphology of SSPP-overexpressing plants.
Supplemental Figure S3 . Morphology of the SSPP T-DNA insertion line sspp-1.
Supplemental Figure S4 . Effects of SSPP overexpression on the functions of and responses to ethylene in Arabidopsis.
Supplemental Figure S5 . SSPP interacts with the kinase domain of GmSARK (GmSARK-KD) in the yeast two-hybrid system.
Supplemental Table S1 . Gene-specific primers used in this study.
